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Abstract 
In aerospace industry the application of five axis machines is increasing and becoming common practice. The determination of the 
accuracy of such five axis machine however is often difficult or problematic. A significant increase is seen in the certification 
efforts involved for this industry sector.  
To assess the accuracy of a five axis machine within one minute a dedicated Rotary Inspector system has been developed by IBS 
Precision Engineering. With this measurement system a 3D measuring head is used in combination with a masterball while the 
machine executes a certain cycle using multiple machine axes simultaneously. Typical tests are specified in ISO10791-6 (e.g. AK1, 
BK4, CK4) and these are used in this paper to determine the machine’s accuracy first, representing normal (milling) machine use. 
Usually test work pieces are made on a machine and its geometrical deviations are checked on a CMM for certification. The relation 
between these geometrical test work piece deviations and the measured ISO machine error parameters of the rotary axes is 
addressed in this paper. In this way the need of milling (many) test work pieces can be reduced significantly for certification 
purposes. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the NAMRI Scientific Committee. 
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Nomenclature 
YOA location error of A-axis in Y direction  
ZOA location error of A-axis in Z direction 
BOA squareness error A-axis around Y-axis 
COB squareness error B-axis around Z-axis 
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1. Introduction 
An innovative measuring method named “Rotary Inspector” (RI) is presented in this paper to assess the accuracy 
of a five axis machine within one minute. This method uses kinematic tests for which multiple machine axes move 
simultaneously [1] like in machining complex work pieces as common in aerospace industry. 
Test work pieces are generally used to verify the accuracy of machine tools [2-5]. Although this is a well-accepted 
method, it is expensive due to related costs. A CMM is required to measure the test work piece and the machine down 
time is regarded as a problem. A considerable certification effort is involved to determine whether a machine tool is 
within specifications. 
The accuracy of a five axis machine tool is currently assessed by using several methods. First the linear axes are 
calibrated using a laser interferometer and electronic levels. After that the rotary axes are measured by applying a 
(touch-trigger) probing system as common for CMMs on a machine tool. A master ball is mounted on the machine’s 
table and set to three discrete angles for measurement i.e. C=0°, 120° and 240°. For each rotary axis position the 
probing system requires five spatial points (i.e. four on equator, one on top) on the master ball to obtain the X, Y and 
Z coordinates of the master ball center in the machine’s volume. A disadvantage of this method is that it only uses 
three points for each rotary axis; it does not inherent any redundancy. Controller manufacturers offer routines to 
optimize the machine’s parameters based on such a measurement (i.e. Cycle996 for Siemens controllers [6]). The 
measurement uncertainty of the probing system, the probe synchronization delay errors with the machine’s encoder 
scales and the measuring time are other drawbacks of this method.  
The introduction of the R-test [7,8], combining three sensors in an orthogonal nest to determine the center position 
of a ball in X,Y and Z, instantly enable dynamic measurement of a rotary axis. The typical sampling is 1 kHz, resulting 
in redundant data: a full circle is measured instead of three points only. Least squares fitting routines are used to 
estimate the center point from measurement data resulting in the location errors of the rotary axis. 
 
Fig. 1. Flow diagram to compare both methods to assess the accuracy of a five axis machine tool. 
The research described in this paper is schematically depicted in Fig. 1. The basic idea is to use measurement data 
to assess a machine’s accuracy first. The Rotary Inspector method is applied to describe the geometrical deviations of 
a test work piece in this paper. Test work pieces should be milled only when RI measurements indicate that the 
machine’s accuracy is sufficient to prevent making scrap. 
First a heat up cycle is executed on a five axis milling machine, see Fig. 1, 2. The spindle rotates 8000 RPM for 20 
minutes as done in common use of this specific machine.   
After that the 3D measuring head is inserted in the spindle and the kinematic tests specified in ISO 10791-6 [1] are 
executed in a sequence. As this machine has two rotary axes on the table side (e.g. swivel table or trunnion table 
machine), the tests BK1, BK2 and BK4 apply. Measurement data obtained is used to calculate these error parameters 
of a rotary axis [3,7-10]: 
x Location errors of the pivot line of a rotary axis 
x Squareness errors of the pivot line of a rotary axis 
 
A test work piece has been designed and the impact of the pivot line errors (location and squareness) of both rotary 
axes is calculated. Finally the experimentally obtained results are compared to validate the Rotary Inspector method 
as indicated by the red arrow in Fig. 1.  
Execute RI 
measurements 
Calculate  
-pivot errors (A and B) 
-squareness (A and B) 
Calculate test work 
piece errors 
Measure test  
work piece (CMM) 
Mill test 
work piece 
Perform 
Heatup cycle 
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In Chapter 2 the Rotary Inspector method is explained. The designed test work piece is described in Chapter 3. 
Results are discussed in Chapter 4 followed by the conclusions in Chapter 5.  
2. Rotary Inspector 
To determine the accuracy of a five axis machine within one minute, the Rotary Inspector has been developed. With 
this measurement system a 3D measuring head, equipped with three non-contact inductive sensors, is used in 
combination with a precision master ball [7-10]. The measuring head is mounted in the spindle and the master ball is 
mounted on the machine’s table using an Erowa clamping system to enable a fast and reproducible setup, see Fig. 2.   
 
Fig. 2. Rotary Inspector measurement setup on a five axis milling machine. 
The measurement uncertainty of this measurement system is less than 1 μm (2σ). Several multi-axis measurement 
tests are defined in ISO10791-6 and these tests are used to assess the machine’s accuracy.  
2.1. ISO10791-6 kinematic tests 
In ISO 10791-6 five axis machines are divided in three classes: swivel head machines (i.e. Annex A), swivel table 
machines (i.e. Annex B) and mixed type machines (i.e. Annex C). In this paper a trunnion table machine is used and 
these three kinematic tests apply: 
x BK1 test (three axes) 
x BK2 test (three axes) 
x BK4 test (five axes) 
For the BK1 test the A-axis is commanded to rotate 180° degrees CW and CCW while the Y- and Z-axis follow. 
This test is visualized in Fig 3.   
The relative displacement of the master ball is recorded in time during this cycle, see Fig. 4. The spikes present in 
are caused by start-stop motions of the linear axes.   
The same measurement data is then plotted in the YZ-plane and a (red) circle is fitted using the least squares 
method, see Fig. 4B). The center point of this fitted circle represents the location errors of the A-axis, YOA and ZOA. 
The squareness error BOA is determined in the XZ-plane (not shown) and COA is determined in the XY-plane 
(not shown). For such squareness error the displacement “out-of-plane” (dx for an A-axis) is evaluated over the radius 
of measurement.      
The estimated error parameters of the A-axis are shown in Table 1. 
 
Master ball B-axis 
A-axis 3D measuring head 
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Fig. 3. schematic representation of BK1 test. Fig. 4. A) Example of measured displacement in X (blue), Y (red), Z (green) 
for a BK1 measurement; B) Example of BK1 measurement, the measurement 
data (black) is shown in the YZ-plane with the best fit circle (red). 
Table 1. Calculated error parameters from BK1 test. 
BK1 test results Value 
YOA 0.0036 mm 
ZOA 0.0096 mm 
BOA 0.0000° 
COA -0.0009° 
 
For the BK2 kinematic test the same is done for the B-axis. The B-axis is commanded to rotate 360° degrees CW 
and CCW while the machine’s X- and Z-axis follow, see Fig. 5.  The ISO error parameters of the B-axis are displayed 
in Table 2. 
 
 
 
 
Table 2. Calculated error parameters from BK2 test. 
BK2 test results Value 
XOB -0.0178 mm 
ZOB 0.0126 mm 
AOB -0.0012° 
COB 0.0008° 
 
Fig 5. schematic representation of BK2 test. 
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Finally the five axis test BK4 is executed. The B-axis rotates twice the speed of the A-axis while the X, Y and Z 
axes follow. This test is not used to estimate ISO error parameters but is used to determine the overall accuracy of a 
machine tool in five axis mode. The results of this five axis test however are beyond the scope of this paper and subject 
of further research.  
3. Test work piece 
A test work piece has been designed that is sensitive for the error parameters of a rotary axis and that can be 
machined within five minutes. It consists of a block having centered rings in each plane, see Fig. 6. Due to non-zero 
error components rings on opposing sides are displaced relatively. The center point of this block coincides with the 
center of the master ball within 25 mm; both are mounted on the same position on the machine’s table, being 127 mm 
in Z-direction from the table center, see Fig. 2. 
In Fig. 6 a drawing of this test work piece is shown. Each plane contains a ring with a diameter of 30 mm and the 
depth equals 10 mm. This test work piece is milled in five axis simultaneous mode (TRAORI for Siemens controllers). 
In Table 3 the rotary axis positions are assigned for each ring.  
The errors of the A-axis are reflected in ring1, 5, 6, 7 and 8. The B-axis errors are reflected in ring1, 2 and 4.  
 
 
Table 3. Rotary axis positions for each ring of the test work piece. 
Test work piece Rotary axis positions 
Ring1 A=0°, B=0° 
Ring2 A=0°, B=90° 
Ring4 A=0°, B=270° 
Ring5 A=-45°, B=0° 
Ring6 A=-90°, B=0° 
Ring7 A=-135°, B=0° 
Ring8 A=-180°, B=0° 
 
Fig. 6. drawing of test work piece. 
 
3.1. Milling strategy 
This aluminium test work piece is machined under finishing conditions to limit tool deflection and heat generation 
as much as possible. Cooling liquid is applied and the rings are milled using circular milling. 
Stable cutting is obtained using an Iscar ECA cutter that has the same length as the measuring head, 216 mm, see 
Table 4. The total machining time is three minutes. 
Table 4. Cutting parameters for machining test work piece. 
Iscar ECA cutter   
Diameter and 
length 
12 mm and 216 mm 
Number of teeth 3 
Helix angle 40° 
Cutting speed 603.8 mm/min 
Depth of cut 2.5 mm 
Spindle speed 16000 RPM 
Ring1 
Ring2 
Ring4 
Ring7 
Ring8 
X 
Z 
Y 
Ring5 Ring6 
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3.2. Analysis 
A geometrical relation exists between the error parameters of a rotary axis and the relative displacement between 
opposing rings of the test work piece. This is illustrated with an example first. Parameter YOA displaces the A-axis 
with respect to the YZ-axes vertically in this case, see Fig. 7. 
 
Fig. 7. Impact of error parameter YOA on the ring positions in the front and back plane of the test work piece. 
The black ring is present in the front plane of the test work piece and the blue ring in the plane on the back side, 
made with A=-180°, see Fig. 8.  
 
Fig. 8. Vertical shift between rings due to YOA. 
Because of this, Ring1 (machined at A=0°, B=0°) is shifted vertically relative to Ring8 (machined at A=-180°, 
B=0°). The vertical shift between Ring1 and Ring8 then equals 2•YOA. A similar analysis can be made for a horizontal 
shift between opposing rings. 
Squareness error COB is derived in a similar way by comparing Ring2 (A=0°, B=90°) and Ring4 (A=0°, B=270°), 
the side planes of the test work piece. The vertical shift between these rings equals 2•RB•tan(COB) where RB stands 
for the radius of the master ball trajectory using the B-axis, being 127 mm. Radius RA is depicted in Fig. 7 and equals 
237 mm for this setup. 
Extending this analysis with ring depths enables to derive a geometrical relation between all eight measured error 
parameters of both rotary axes and the deviations in ring positions of the test work piece, see Table 5. 
The measured ISO parameters of the RI measurements are used to describe the shift between opposing rings using 
these relations. This is later compared to measured ring shifts using a CMM.  
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Table 5. CMM results with relative ring positions of test work piece. 
Relative shift 
between rings 
Link to ISO error 
parameter 
Ring pair CMM 
A-axis    
dZ 2·YOA 1 and 8 Zring1 – Zring8 
dY 2·ZOA 1 and 8 Length error ring1-8 
dX RA·tan(BOA) 1,6 and 8 Xring6-(Xring1+Xring8)/2 
dX 2·RA·tan(COA) 1 and 8 Xring1 – Xring8 
B-axis    
dY 2·XOB 2 and 4 Yring2 – Yring4 
dX 2·ZOB 2 and 4 Length error ring2-4 
dZ RB·tan(AOB) 1,2 and 4 Zring1 – (Zring2+Zring4)/2 
dZ 2·RB·tan(COB) 2 and 4 Zring2 – Zring4 
4. Results 
In this chapter the results of both methods are presented and compared. First the CMM measurement data is shown, 
followed by the results obtained with the RI method. 
4.1. CMM data 
After at least one night of acclimatization the test work piece is measured on a CMM. The measured ring position 
is compared to its nominal position and the results are present in Table 6.  
Next to these ring positions, the distance between Ring1 – Ring8 minus their nominal distance is measured to verify 
error parameter ZOA. The distance between Ring2 – Ring4 reflects error parameter ZOB and is listed at the bottom 
of Table 6. 
Table 6. CMM results with relative ring positions of test work piece. 
CMM data X [mm] Y [mm] Z [mm] 
Ring 1 0.000  - 0.001 
Ring 2 - -0.015 0.002 
Ring 4 - 0.016 0.001 
Ring 5 0.003 - - 
Ring 6 0.001 0.013 - 
Ring 7 0.002 - - 
Ring 8 0.003 - 0.023 
Length error Ring 1-8 - 0.026 - 
Length error Ring 2-4 0.019 - - 
4.2. Rotary inspector data 
In Table 7 the displacement between rings is calculated based on the measured error parameters of the A- and B-
axis. This is listed in the second column. The third column contains the same ring shift as measured by the CMM, see 
Table 7.  
The difference between calculated and measured ring shifts is typically smaller than 10 µm, ignoring the outlier at 
YOA. The machine’s thermal behavior is suspected to be responsible for this effect but this requires further research. 
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Table 7. Test work piece deviations for both methods. 
ISO error parameter Calculated ring shift,  
RI 
Measured ring shift, 
CMM 
Difference 
YOA 0.0072 mm 0.022 mm 14.8 µm 
ZOA 0.0192 mm 0.026 mm 6.8 µm 
BOA 0.0000 mm -0.001 mm -1.0 µm 
COA -0.0074 mm -0.003 mm 4.4 µm 
XOB -0.0356 mm -0.031 mm 4.6 µm 
ZOB 0.0252 mm 0.019 mm -6.2 µm 
AOB -0.0027 mm -0.002 mm 0.7 µm 
COB 0.0035 mm 0.001 mm -2.5 µm 
 
Possible sources of deviations in this comparison are the following assumptions applied: 
x Perfect milling or cutting process. 
x Ignoring errors in the measurement of the test work piece (i.e. ring roundness errors up to 10 µm have been detected 
in this analysis, most are typically 3 µm or smaller). 
x Only the pivot line location and squareness errors of the rotary axes are considered here, all other machine errors 
have been neglected. As the machine used in this research is new this assumption appears valid 
x Thermal behavior of the machine tool. Calculated error parameters can vary 5 to 10 µm when comparing successive 
RI measurements performed under different conditions i.e. cold versus warm. 
Further research focusses on the improvement of the match between the RI method and the test work piece method. 
Also possibilities concerning the five axis test BK4 will be investigated further to assess the machine’s accuracy even 
faster. This will also be applied to swivel head machines and mixed type machines to cover the entire range of five 
axis machine tools used in aerospace industry. 
5. Conclusions 
An innovative measuring method named Rotary Inspector has been presented to assess the accuracy of a five axis 
machine tool within a minute. Simple test work pieces are used to verify this method and the deviations in ring 
positions of a test work piece can be described with deviations smaller than 10 µm typically, with a single outlier. The 
thermal behavior of the machine appears to be significant in this comparison and requires further research. 
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